Capsules of Bacillus anthracis only begin to be formed towards the end of exponential growth and appear first at the extremities of the cells. Once begun, capsule formation is not inhibited by tetracycline, so that capsular polypeptide is not synthesized like protein. Cultures were grown in broth + albumin in the presence of 0*015~-HC0,-and 5 vol. co,+95 vol. air until capsulation began, and were then incubated in air in tetracycline broth (to inhibit subsequent enzyme formation) : capsules continued to increase in size, which suggested that HCO,-made capsular synthesis possible but was not required for the formation of the polypeptide itself. Cultures transferred from air to adequate concentrations of CO, did not immediately become capsulated, whatever their stage of growth.
polypeptide is not synthesized like protein. Cultures were grown in broth + albumin in the presence of 0*015~-HC0,-and 5 vol. co,+95 vol. air until capsulation began, and were then incubated in air in tetracycline broth (to inhibit subsequent enzyme formation) : capsules continued to increase in size, which suggested that HCO,-made capsular synthesis possible but was not required for the formation of the polypeptide itself. Cultures transferred from air to adequate concentrations of CO, did not immediately become capsulated, whatever their stage of growth.
Mutants with altered nutritional requirements for capsulation were selected by phage a from wild-type strains grown either (1) on charcoal agar in air, so selecting for C0,-independence (D mutants), or (2) on bicarbonate agar incubated in CO,, so selecting for independence of an absorbent (F mutants). Both classes formed capsules in air ( z 0.0001 M-HCO,-) and the capsular polymer apparently had the same chemical structure as that of their parent. No evidence was found that the mutants differed from their parent in being able to fix HCO,-more efficiently or in being able to utilize compounds normally derived from HCO,-that were present in the medium. They may therefore arise following mutation in regulatory genes controlling capsular synthesis.
Some D mutants grew very slowly in CO, but yielded C0,-resistant mutants of which 66 were examined: 44 resembled the parental strain 2160s, and 22 were rough (C-). C0,-sensitive D mutants also gave rise to derivatives which formed rough colonies in air: some resembled strain 2160s; others were C-; but some had a new phenotype in being rough in air, fully capsulated in 0*006-0*015 M-HCO,-and inhibited by 0-03 M-HCO,-.
Absorbents are required by wild-type strains to inactivate the longchain fatty acids that occur in nutrient media. These acids are thought to interfere with the uptake or utilization of HCO,-, rather than with a later stage in capsular synthesis, because (1) they do not inhibit capsulation of D or F mutants, (2) they enable C0,-sensitive D mutants to grow in CO,, and (3) they probably interfere with toxin formation, which also requires CO,. As toxin is protein it must be synthesized differently from capsular polypeptide, and the only stage common to both pathways is therefore likely to be HCO,-uptake.
INTRODUCTION
The capsule of Bacillus anthracis consists chemically of D-glutamic acid polymerized through y linkages (Bricas & Fromageot, 1953 ; Housewright, 1962) , while microscopically it appears as a uniform layer around fully capsulated organisms (Tomcsik, 1956) . Capsules are formed by all pathogenic strains of B. anthracis, which become avirulent on mutating to the non-capsulated state, and large numbers of capsulated organisms are seen in blood taken from fatal cases of anthrax. One of the earliest observations concerning capsular synthesis was that virulent anthrax bacilli did not form capsules when subcultured on nutrient agar incubated in air (Bail, 1915) , although they become capsulated when grown on serum agar (Sterne, 1937) incubated in air containing extra CO, (Ivtinovics, 1937) . Recently, however, serum was found to be replaceable by activated charcoal or anion-exchange resins, and its function is now thought to be the binding of long-chain fatty acids, like oleic and palmitic, which occur naturally in many culture media (Meynell & Meynell, 1 9 6 4~) .
The amount of CO, required for capsulation varies with the pH of the medium in a way which shows that capsule formation depends not on the CO, concentration itself but on attaining a threshold concentration of bicarbonate ion (HCO,-) in the medium (Meynell & Meynell, 1 9 6 4~) .
It is true that capsules are formed by organisms incubated in air + CO, on nutrient agar which contains NaHCO, without fatty-acid absorbents (Thorne, 1956) , but capsule appears far later in the growth of the cultures and less is formed than when an absorbent is present. We have therefore suggested that the organisms either become phenotypically resistant to fatty acid as their growth rate falls or that they inactivate fatty acid as the population density increases (Meynell & Meynell, 1 9 6 4~) . Bacillus anthracis also requires serum or charcoal as well as CO, for the synthesis of toxin and the protective antigen (Gladstone, 1948; Belton & Strange, 1954) . Since the toxin is protein in nature, whereas the capsule is polypeptide and is not synthesized like protein , it seems likely that the only stage common to these biosynthetic pathways is the utilization of CO,, and we therefore suggest that it is this stage which is inhibited by fatty acid. This hypothesis is also consistent with other evidence given below.
The steps which intervene between exposure to CO, and appearance of the capsular polymer have been studied by Housewright, Thorne and their collaborators (see Thorne, 1956 Thorne, , 1960 Housewright, 1962) . Eastin & Thorne (1963) showed that 14C in 14C0, rapidly appeared in compounds like aspartate and succinate, as in other genera (see Wood & Stjernholm, 1962) , but the subsequent stages have not been defined (see Housewright, 1962, fig. 7 , for a scheme based on this work). As regards the polymerization of glutamic acid to form the capsule, Hahn, Wisseman & Hopps (1954) concluded from studies with Bacillus subtilis which forms a mixture of poly D-and poly L-glutamic acid (Thorne & Leonard, 1958) , that polymerization did not take place by the assembly of activated amino acids on ribosomes, as does protein synthesis, since polymer formation was not inhibited by chloramphenicol. This was confirmed by Leonard & Housewright (1963) , who used a cell-free extract whose polymerizing activity was unaffected by chloramphenicol or ribonuclease. Leonard & Housewright also concluded from isotopic dilution experiments that poly D-glutamic acid is synthesized directly from L-, not D-glutamic acid. Our results
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show that with B. anthrucis the capsule-forming pathway is inactive during exponential growth and that capsules do not appear when tetracycline, with or without chloramphenicol, is added a t this stage. However, when the organisms are approaching the stationary phase and capsulation has been initiated, it continues in the presence of these antibiotics, so that in B. anthracis, as in B. subtilis, polymerization does not occur in the same manner as protein synthesis. Colonial variants eventually appear when virulent strains of BaciZZzcs anthracis are repeatedly subcultured. Those of interest here fall into two main classes. The first class differs from the parental strain in forming capsules when incubated in air without added CO,, which it does even on plain nutrient agar not supplemented with serum or charcoal. Mutation to C0,-independence in respect of capsulation is therefore accompanied by indifference to fatty acid, which is consistent with our hypothesis that these acids interfere with HC0,-utilization rather than with a later stage in capsular synthesis. It also follows that mutants of this class can be selected in two ways from wild-type virulent strains: on charcoal agar incubated in air, to give C0,-independent mutants (designated D mutants here) or on nutrient agar incubated in CO,, to give fatty acid-indifferent mutants (designated F mutants). The second class of mutant discussed here comprises strains which are apparently unable to form capsules under any conditions and for this reason are used as avirulent live vaccines in veterinary practice (Sterne, 1937) . These are designated C-: about 50 % revert to the virulent parental phenotype and 50 yo appear to be non-reverting (Meynell, 1963) . 
Colonial morphology Strain
In. In. The first part of this paper discusses capsular synthesis by Bacillus anthracis strain 2160 s, which is wild-type in requiring CO, for capsulation (Meynell & Meynell, 1964a) , and by one of its mutants, ~3 1 .
The second part considers the isolation and properties of mutants, some of which possess combinations of characters not previously described ( Table 1) . The degree of capsulation has been assessed throughout by microscopy and to this extent the results are qualitative. However, microscopy is essential for assessing the phenotypic heterogeneity of cultures and of individual 122
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organisms. It will be seen below that not only do the organisms within a culture usually differ in respect of capsulation at a particular stage of growth but that when capsulation begins, it is normal for an individual organism to be capsulated a t some parts of its surface and not a t others.
METHODS
Culture media. The nutritional requirements of Bacillus anthracis strain 2160 s, like those of many members of this genus, could not be defined completely, but included an absolute requirement for thiamine and either adenine, guanine, xanthine or hypoxanthine. A semi-defined medium (no. 2/6) was therefore used which contained 7 g. K,HPO,, 2 g. KH,PO,, 1 g. (NH,),so,, 0.1 g. MgSO,. 7H,O and 0-55 g. trisodium citrate dissolved in 1 1. distilled water and supplemented with 10 g. Oxoid acid-hydrolysed casein, 2 mg. thiamine, 50 mg. adenine and 50 mg. tryptophan. The ability of strains to grow on different carbon sources was tested by adding 15 g. Oxoid Agar no. 3 to the salts mixture and by using smaller concentrations of supplements : 0.3 g. acid-hydrolysed casein, 2 mg. thiamine, 10 mg. adenine and 10 mg. each of tryptophan, methionine, glycine, valine, leucine and isoleucine. Carbon sources were included a t a final concentration of 0.2% (w/v). The plates were inoculated with drops of a saline suspension of each strain and, after incubation for 2 days, showed a dense area of growth if the carbon source was utilized; otherwise, only a thin grey film was seen.
Two undefined media were also used. No. 1/25 contained 1 g. Oxoid Lab-Lemco, 2 g. Oxoid Tryptone, 10 g. Oxoid Peptone, and 7 g. NaCl dissolved in 1 1. distilled water and adjusted to pH 7.4. This was used in liquid form for testing toxin formation, and in solid form for isolating mutants and scoring colonial appearances, since capsule formation was very pronounced on this medium. The second undefined medium was Oxoid Blood Agar Base on which capsulated colonies spread far less than on medium 1/25, an advantage in selecting mutants from rough outgrowths a t their edges.
Media incubated in CO, contained that volume of a filtered molar solution of NaHCO, which was calculated to be in equilibrium with the chosen concentration of atmospheric CO, at pH 7.4. Thus, a final concentration of 0*03~-NaHC0, was used with 10 yo (v/v) CO, (see Meynell & Meynell, 1964a, fig. 1 ). One of two absorbents was also included to inactivate fatty acid; either 1/10 vol. of a filtered 7 yo (w/v) Bacterial strains and isolation of mutants. Bacillus anthracis strain 2160s is a nontoxigenic, asporogenous, derivative of the virulent strain 2160 (McCloy, 1958) and is wild-type in requiring additional CO, for capsule formation (Meynell & Meynell, 1964) . D and F mutants were isolated by spreading 0.2 ml. of an overnight culture of strain 2160s in medium 2/6 on a plate of medium 1/25 which for the isolation of D mutants contained charcoal and was incubated in air, and for the isolation of F mutants contained NaHCO, and was incubated in 5 yo (v/v) (Meynell & Lawn, 1965) . Strain 2160s was therefore grown overnight in air' in shaken liquid medium at 37". Inocula of mutant D 3 1 were prepared by incubating shaken cultures in air a t 87" until they became faintly turbid, when they were transferred to room temperature (15-20'). The turbidity subsequently increased but less than 1% of the organisms showed signs of capsule next day. These cultures were diluted 1/100-1/400 in 30ml. of medium 2/6 contained in plugged 250 ml. conical flasks carrying a horizontal side arm of Q in. diameter down which the culture could be tipped to measure its turbidity in a nephelometer (Evans Electroselenium Ltd.). This was set so that the fin. ground glass standard gave a scale reading of 100; uninoculated liquid medium then gave a reading of about 12. A reading of 63 corrected for the blank corresponded to an extinction of 0.3 using a 1 cm. path and grey filter and to about 2 x lo7 colony-forming units/ml. After inoculation, the flasks were incubated at 37" on a reciprocating shaker set a t 100 strokeslmin. with a 4 cm. throw. The necessary amounts of additional CO, for the gas phase were obtained either by placing cultures in anaerobic jars or by using stoppered flasks carrying inlet and outlet tubes and a second sidearm closed by a rubber ampoule-stopper, which allowed the culture to be sampled by needle and syringe without opening the flasks. The required concentration of CO, was obtained by replacing the appropriate volume of air by pure CO, a t room temperature; thus, 5 yo CO, signifies 5 vol. pure CO,+ 95 vol. air.
Cultures to be incubated in air presumed free from CO, were placed with their lids open in a glass jar, containing 20 ml. 20 % (w/v) KOH, which was half-emptied five times and refilled with air passed through three wash-bottles containing 20% (w/v) KOH. In other experiments, open plates were incubated in a 3 1. desiccator containing 100 ml. 20% (w/v) KOH.
Staining methods. Samples of culture were fixed by addition to an equal volume of formalin (0.5 %, v/v), and drops allowed to dry in air on flamed glass slides. A combined positive and negative stain, modified from Maneval (1934), was used; it consisted of 1 g. phloxine B (Edward Gurr or Hopkins and Williams), 2 ml. aqueous nigrosin (George Gurr), and 98 ml. distilled water. A few drops of stain were placed on the fixed film and the slide then set on edge on blotting paper and left to dry in air. The phloxine alone acted as a combined positive and negative stain which was not decolorized by nigrosin; it stained the bacterial cytoplasm and cell-wall pink, with the background a rather lighter pink. Nigrosin was added to improve the contrast. The capsular material therefore appeared unstained in relief. The distribution of bacteria on the slides was markedly non-random because the capsulated organisms tended to congregate at the edges of the drops, possibly because they were held together by the strands of capsule seen in films stained by Ziehl-Neelsen's carbol fuchsin.
Toxin production. Each strain was grown for 20-24 hr at 87" in 4 ml. of medium 1/25 +albumin, held in a 100 ml. conical flask covered by a loose-fitting metal cap. For tests in the absence of added CO, the flasks were incubated on the shaker in 124 G. G. MEYNELL AND E. MEYNELL sealed anaerobic jars lined with blotting paper dipping into 50 ml. 20 yo (w/v) aqueous KOH lying on the floor of the jar. Although toxin formation is known to require more CO, than is present in air, toxin was nevertheless found in flasks incubated in jars filled with air alone, unless KOH was present, presumably because of CO, formed by the metabolism of the organisms (Puziss & Wright, 1959) .
Toxin was detected by immunodiffusion in agar with the arrangement of reagents described by Lemcke (1964). The antitoxin (H/535,8th immune) and control toxin preparation (B 11 5/9) were kindly provided by Professor H. Smith, and were set up against wells filled with drops of the test cultures, with uninoculated medium as a negative control. Precipitin lines were visible after 2 or more days a t room temperature; the results were recorded as + or -.
RESULTS
The physiology of capsule formation Gromth phase and the onset of capsulation. Strain 2160s growing in 5-10% CO, and its D mutants growing in air were examined a t various stages of growth. No signs of capsule were seen until the culture was a t least moderately turbid e.g. in liquid medium when the nephelometric reading (NR) reached 30, equivalent to about lo8 Escherichia coZi/ml. Individual organisms never became capsulated simultaneously, and heterogeneity was still evident even 12 hr later. Initially, capsule did not appear as a uniform layer, but in wedges placed a t each side of the tip of a cell or a t an intercellular junction where opposing wedges often joined so that the capsulated area was indented (Pl. 1; figs. 1, 2). Fragments of capsule are also seen in growing cultures when the inoculum consists of capsulated bacilli (Meynell & Lawn, 1965) , but these are readily distinguished from newly formed capsule since at the ends of chains, they have a smooth convex outline and are not indented between adjoining organisms (Pl. 1, figs. 3-6).
The change in growing cultures that initiated capsule formation in late exponential growth has not been identified, but it was shown not to be the formation of a capsulogenic factor, which accumulated in the medium as the organisms grew, or a nutritional deficiency. Cultures were incubated in medium 2/6 for about 6 hr until nearly all the organisms showed wedges and the medium then sterilized by centrifugation and passage through a Seitz or a membrane filter. The filtrate was reinoculated in the usual way and the behaviour of the organisms compared with that of a control culture in filtered unused medium. However, neither the time of onset of capsulation nor its degree differed in the two cultures. Other causes were also considered. A change in pH value was not responsible, as even 18 hr cultures were only pH 7-4 compared to an initial value of 7-2. Oxygen deficiency seemed more likely, but transfer to an anaerobic environment did not induce capsulation. This was done in various ways. The culture (NR = 10) was tipped into the side-arm of the culture flask which was flushed with nitrogen for 3-15 min., sealed, and incubated a t 37O. The growth rate halved thereafter and, although 8 hr later the culture was as turbid as in air, wedges were seen on less than 10 yo of bacilli while less than 5 yo were fully capsulated. Transfer to anaerobic jars gave similar results.
The eflects of tetracycline or adenine deficiency on capsule formation. When tetracycline (30 ,ug./ml.) was added to growing cultures, the turbidity immediately ceased Biosynthesis oj' the anthrax capsule 125 to increase but the subsequent effect on capsule formation depended on the time at which tetracycline was added. When the culture was in early exponential growth (NR < 10) and the organisms were therefore uncapsulated, they remained uncapsulated. However, when the culture was approaching the stationary phase (NR > 120) and showed early uniform capsulation, the capsules subsequently increased in size during the next 2-3 hr. At intermediate times when wedges but not uniform capsulation were present, the addition of tetracycline led to the formation of chains containing both capsulated and non-capsulated organisms (Pl, l , Similar results were obtained when growth was limited by adenine deficiency. When adenine was omitted from medium 2/6, the turbidity increased exponentially until the NR N 20 (presumably because of contaminating purine and pyrimidine bases) and then increased linearly, and films again showed mixed chains containing fully capsulated and non-capsulated bacilli.
These observations suggested that capsulation results from two changes in the organism : activation of the capsule-forming pathway; and its functioning to produce sufficient capsular polymer to be visible under the microscope, a process which takes at least 60 min., judging from successive films of tetracycline-inhibited cultures. The two stages, which we refer to as ' activation ' and ' polymerization ' respectively, can therefore be examined, as in Table 2 , by exposing cultures to tetracycline, since this prevents subsequent activation but not polymerization. A failure to form capsule might result from a defect in either function. Thus, if capsules appeared when organisms from non-capsulated cultures were subcultured in tetracycline-containing medium, it would suggest that the original absence of capsulation was due to failure of polymerization, not of activation (provided subculture excluded the presence of C-mutants).
E' ect of other antirnetabolites. The effect of other antimetabolites was tested on cultures in which wedges of capsule were visible. Chloramphenicol did not stop the cultures growing completely, even at 250 ,ug./ml., and when tested simultaneously with tetracycline, it did not inhibit capsule formation. Nor did the L( +) erythro isomer of chloramphenicol inhibit capsulation, contrary to its effect on polymer formation by Bacillus subtilis (Hahn et al. 1954) . Other agents without effect in the presence of tetracycline included benzylpenicillin (0.001 ,ug./ml.), sodium malonate or fluoroacetate (each at 0.002 M) and probably streptomycin (100 ,ug./ml.) ; but complete inhibition was produced by sodium azide (0.002 M), potassium cyanide ( 0 . 0 0 2~) and 2,4-dinitrophenol (DNP; 0.001 M). Streptomycin, azide and cyanide were also tested alone; they immediately inhibited both growth and capsule formation. When DNP was tested alone, the turbidity continued to increase though the doubling time rose from 40 to 80 min., but more than 90% of the organisms remained non-capsulated, even after incubation for 48 hr.
Nutritional requirements for capsulation. The minimal cultural requirements for capsule formation by mutant ~3 1 were very simple. The organisms became uniformly capsulated when they were grown in complete medium until wedges began to form, and were then washed twice by centrifugation and shaken for 2-4 hr in airin phosphate buffer (pH 7.4) containing L-glutamicacid (lO,ug./ml.), glucose (0.1 yo, w/v) and thiamine (2 pg./ml.). No capsules were formed when glucose or glutamic acid was omitted. Incubation in this medium did not cause activation, judging from fig. 7) .
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Glucose was previously found to inhibit capsule formation by strain 2160s (Meynell & Meynell, 1964~) and other utilizable sugars have the same effect. However, this is not an instance of catabolite repression (Magasanik, 1961), since capsulation occurs normally when the medium is adequately buffered. The effect of acidity cannot be only to lower the HC0,-concentration in the medium because it also inhibits capsule formation by D and F mutants which do not require HC0,-(see below) ; it may therefore directly inhibit the capsule-forming pathway.
The last few generations of growth were also accompanied by a marked diminution in the length of the chains of organisms. Before this, each chain was often very long and contained perhaps 100 organisms, often plaited with other chains to form ropes which were visible as floccules suspended in the medium. As exponential growth came to an end, the number of organisms in each chain diminished and the culture became uniformly turbid. Bicarbonate ion and capsule formation by strain 2160s. Capsule formation by wild type strains of Bacillus anthracis depends not only on the growth phase of the cultures but also on the presence of a threshold concentration of HC0,-in the medium (Meynell & Meynell, 1964~) . The function of HC0,-was therefore examined in a series of experiments in which strain 2160s was grown, for example, in CO, and then transferred to air, using tetracycline to inhibit subsequent growth and activation without affecting polymerization (see Table 2 ). The first half of Table 2 concerns cultures grown initially in CO, until lO-SO% organisms showed wedges.
Continued incubation in CO, led to capsule formation by 100 yo organisms in the usual way, whereas when tetracycline was present, less than 100 % became capsulated Biosynthesis of the anthrax capule 127
(presumably because activation was not universal), though their capsules were often unusually large. When the organisms were incubated in air without tetracycline, growth continued but the cell-wall formed subsequently was not capsulated. Thus, in experiments where initially the organisms were fully capsulated, after further incubation in air for 2 hr without tetracycline none were fully capsulated and many showed non-capsulatedregions as well as remnants of capsule (Pl. 1 , figs. 3-6 ;
Meynell & Lawn, 1965). However, in the fourth sample, containing organisms transferred from CO, to air with tetracycline, capsulation progressed, and the organisms resembled those in the second sample incubated in CO, with tetracycline. The fourth sample therefore showed that although HCO,-was required for activation of the capsule-forming pathway, it did not need to be present for capsule to appear. Assuming that the formation of visible capsule under these conditions reflects the synthesis of new polymer and not the secretion of polymer already formed at the time of transfer to air, it follows that HCO,-is not an essential precursor of the capsular material. When cultures are grown in 14C0, some of the label taken up by the organisms appears in the polymer (Eastin & Thorne, 1963) , but this may simply mean that carbon derived from HCO,-becomes generally available for biosynthesis. The second half of Table 2 concerns organisms grown initially in air and then treated in the same way as those grown initially in CO,. In this case, no capsulation was seen, even in the samples transferred to CO, without tetracycline. Hence, the organisms could not respond immediately to HCO,-. In similar experiments samples were transferred at intervals to CO,, and examined after incubation for various lengths of time. No signs of capsulation ever appeared rapidly (i.e. within 3 hr or less after transfer to CO,), whatever the turbidity of the parent culture (NR = 10-120), although on prolonging incubation to 16 hr, capsules and wedges were formed, their incidence being greater, the younger the parent culture at the time the subculture was made. Since Eastin & Thorne (1963) have shown that CO, is fixed equally well by Bacillus anthracis whether it is previously grown in air or in CO,, the failure of capsulation to begin immediately air-grown cultures are transferred to 5-10 % CO, showed that HCO,-or its derivatives do not act by inhibiting functions that otherwise prevent capsule formation. The long lag between transfer to CO, and the appearance of capsule is not inconsistent with induction of the capsule-forming pathway by HCO,-, for part of the lag represents the time required to form visible amounts of capsule. Moreover, although induction often occurs at the maximal rate, so that the enzyme content per bacillus increases hyperbolically to reach 50% of its ultimate value after one generation, many cases are known in which induction occurs far more slowly (see Pollock, 1962, 
p. 162).
Eflect of mutation on capsule formation Isolation of D and F mt&ni% from wild-type strains. The mutants described in the literature seem to have been isolated accidently when wild-type strains were subcultured in the laboratory. However, large numbers of mutants can easily be isolated even from virulent wild-type strains by using phage a described by McCloy (1958). This phage adsorbs to genotypically susceptible organisms only while they are non-capsulated: consequently, if it is added to a wild-type culture grown in air, the wild-type organisms are uncapsulated and are destroyed, whereas any mutants 128 G. G. MEYNELL AND E. MEYNELL forming capsules are unaffected and are thereby selected. This occurs despite the fact that the mutants are non-capsulated while growing exponentially : presumably, exponential growth stops sooner than phage multiplication in heavily inoculated plates.
The nature of D and F mutants. The chemical structure of capsular material formed by mutants of Bacillus a n t h r d in air appears to be identical with that formed by their wild-type parents in CO,. Only a few strains have been examined exhaustively in this respect (see Bricas & Fromageot, 1953; Housewright, 1962) , notably the virulent wild-type strain Vollum, its mutant, HM, which appears to resemble our D or F mutants (White, 1946) , and its non-proteolytic mutant NP (Wright, Hedberg & Feinberg, 1951) . None of 12 of our mutants yielded capsular material after autoclaving which differed from that of strain 2160s in mobility in low voltage electrophoresis (Torii, 1959) . Also this material precipitated with CuSO, a t pH 6.5 (Bovarnick, 1942) and, after complete hydrolysis by HCl, yielded a preponderance of glutamic acid. Traces of peptides and other amino acids were also present but to the same extent in parental and mutant preparations and were presumably derived from the broth-based nutrient agar used for growing the organisms.
The parent and its mutants therefore appeared to form the same product, but whereas the parent required CO,, the mutants did not. In considering how this situation could arise, it should be recalled that the bicarbonate requirement for capsule or toxin formation cannot be relieved by supplementing the medium with compounds likely to be formed in CO, fixation. Those tested include aspartate, succinate, glutamate, oxaloacetate, citrate, fumarate, malate and orotic acid (Puziss & Wright, 1954;  Meynell & Meynell, 1 9 6 4~) . The mutants might therefore differ from their parent in being able to utilize a C0,-fixation product which occurs naturally in complex culture media. Alternatively, they might still be dependent on atmospheric CO, for capsule formation but be able to fix it more efficiently than their parent. If either of these explanations was valid, D and F mutants would be expected to form toxin as well as capsule in broth incubated in air. Since strain 2160s is non-toxigenic, this hypothesis was tested with strain 1444, a typical virulent wild-type strain susceptible to phage a (Meynell, 1963) . Four D mutants were isolated and, for safety, a C-mutant then isolated from each for tests of toxigenicity. Four c-mutants were also isolated directly from the wild-type strain, 1444, as controls on the effect of mutation from C+ to C-on toxigenicity. None of the eight C-mutants formed toxin on incubation in air (see Methods), although two of each group did so after incubation in 10 yo CO,. Therefore, the D mutants, though able to dispense with added CO, for capsule formation, did not at the same time become capable of toxin formation in air. Furthermore, any C0,-fixation product such as aspartate which could be utilized by the mutants and not by strain 2160s could presumably be used also as a carbon source for growth, but the mutants were found to use the same carbon compounds as their parent; namely, aspartate, pyruvate, oxaloacetate, glucose, and galactose, but not citrate, fumarate, succinate, oxoglutarate or malate. Nor was there any evidence that the mutants formed capsules in air because they fixed atmospheric CO, more efficiently, since their colonies had the same appearance whether incubated in air or in air presumed free from CO,. The remaining possibilities are either that the mutants synthesize a product normally derived from HC0,-which acts as an internal inducer ( utilization were correct, the C0,-sensitive strains should be able to grow in CO, when fatty acids are present. The C0,-resistant D mutants also provided a test of this hypothesis for, being C0,-independent, they should be capsulated in the presence of concentrations of fatty acid which inhibit CO, uptake and therefore capsule formation by the parental strain, 2160s. All the D mutants were therefore compared with strain 2160s by lightly streaking them on plates of charcoal agar with a ditch at one side which contained oleic acid, one of the most abundant longchain fatty acids found in agar and which is known to inhibit capsulation of wildtype strains of Bacillus unthracis growing in CO, (Meynell & Meynell, 1964a) . The results after incubation in air and in CO, are shown diagrammatically in Fig. 1 . 420,-sensitive mutants formed a mucoid streak throughout the inoculated area in air, but in CO, grew only next to the ditch containing oleic acid, where again they were mucoid. The C0,-resistant mutants grew throughout the inoculated area both 9 G . Microb. 43
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in air and in CO,, and were also mucoid throughout. Strain 2160s was totally rough in air, while in CO, it was rough near the ditch and mucoid elsewhere. All these findings are consistent with inhibition of CO, uptake by fatty acid, which incidently appeared as a growth factor for C0,-sensitive mutants incubated in CO,. The intermediate type, which grew in CO, on nutrient agar but not on charcoal agar, presumably consisted of strains with only an intermediate degree of C0,-sensitivity, and the fatty acid normally present in nutrient agar presumably restricted their uptake of CO, sufficiently to permit growth.
The effect of C02 on CO2-semitive D mutants. These mutants were originally identified by their behaviour on solid medium incubated in 10% CO,, as their colonies instead of being perhaps 5 mm. in diameter after incubation for 20 hr were at the most pinpoint in size. This suggested that CO, was inhibitory but not rapidly lethal to the organisms, and when exponentially-growing cultures of the C0,-sensitive mutant ~1 4 were exposed to 10% CO,, the colony count and turbidity both continued to increase, albeit very slowly (e.g. with a doubling time of 3 hr). Microscopy showed that the organisms appeared normal and also that they became heavily and uniformly capsulated in 1-1.5 hr, whereas control cultures incubated in stoppered flasks without additional CO, became capsulated later and heterogeneously, despite their considerably greater turbidity.
When C0,-sensitive mutants were incubated on charcoal agar in CO, either they were completely inhibited or a few C0,-resistant colonies of normal size were found a t the primary site of inoculation. A total of 66 (20,-resistant clones were isolated from 6 C0,-sensitive D mutants: 44 resembled the parental strain, 2160s, in being rough in air and capsulated in CO, ( Table 1) ; while the remaining 22 appeared to be rough under all conditions and were therefore classified as C-mutants. No strains resembling C0,-resistant D mutants were isolated.
Derivatives of COz-sensitive D mutants selected for rough colony formation in air. As some of the above (20,-resistant derivatives were C-, C-mutants were next isolated from C0,-sensitive D mutants grown in air to see if mutation from C+ to C-always led to C0,-resistance. Of 61 rough outgrowths thus selected from 6 D mutants, 14 had the phenotype of strain 21609, as their colonies were mucoid in therefore a t first recorded as C-but C0,-sensitive. However, when 11 of the latter were examined more closely, only 4 proved to be true C-as the remaining 7 formed capsules in small concentrations of CO,. Each of these 7 strains was grown in broth in air for 18 hr to give cultures containing chains of 2 4 bacilli. Viable counts were made by a drop method (Miles & Misra, 1938) on plates of charcoal agar which were then incubated in air and in either 0.6, 1.2, 2.5, 5 or 10% CO,. Incubation in air or 0.6% CO, gave only rough colonies; in 1*2-2*5y0 CO, the colonies were fully mucoid and the colony count equalled that in air; but in 10 yo CO, the number of colonies of normal size was less than 0.2 % of its former value, although a background of pinpoint mucoid colonies was seen whose count equalled the count on plates incubated in air. Hence, these strains had a new phenotype in that capsule formation required CO,, though in concentrations about one-tenth of that required by strain 2160 s, and growth was inhibited by higher CO, concentrations. Capsuleforming ability by these strains was sometimes detectable by microscopy after in-Biosynthesis of the anthrax capsule 131 cubation in air, for as many as 1 % of organisms might be capsulated although the colony appeared rough.
F mutants. These were defined as strains selected for their ability to form capsules in 5 % CO, on bicarbonate agar not supplemented with an absorbent. All of 14 strains examined were fully capsulated when grown in air or CO, on medium 115, whether or not it contained charcoal. These mutants may therefore correspond to D mutants able to grow under these conditions.
DISCUSSION
Two environmental factors evidently determine capsule formation by typical strains of BaciZZzls urtthracis. The first is CO, (Ivhovics, 1937) or, to be more exact, the concentration of HC0,-in the medium (Meynell & Meynell, 1964 a) whose function is to alter cellular metabolism so that capsule begins to be formed once the other cultural conditions are suitable (Table 1) . Bicarbonate neither provides essential precursors for the capsular polymer nor inhibits reactions which interfere with its synthesis. The second environmental factor is an unknown change which occurs in the culture as the organisms approach the stationary phase. Once both factors are present, capsule formation begins and the effect of tetracycline shows that it comprises at least two stages-activation and polymerization.
One effect of activation is presumably to make glutamic acid available for polymerization; the results obtained with other systems suggest how this may occur. On approaching the stationary phase, the bacterial growth rate falls and less glutamic acid is incorporated in mucopeptide and other cell structures. At the same time, larger amounts of glutamic acid may be synthesized from a-0x0-glutarate derived from the tricarboxylic acid (TCA) cycle (see Umbarger & Davis, 1962; Housewright, 1962; Huang, 1964) which is known to become more active in BaciEZzls term in the stationary phase (Goldman & Blumenthal, 1964 ). On this model, HC0,-promotes capsulation by being fixed in compounds whose presence further increases the activity of the TCA cycle, and hence the synthesis of glutamic acid. In support of this suggestion it may be noted that incubation in CO, increased the excretion of unpolymerized glutamic acid by a Bacillus strain studied by Chao & Foster (1959) . Bicarbonate or its derivatives are only required to increase the activity of the TCA cycle and, once this is done, their presence is no longer essential for capsule formation when growth is prevented, as by tetracycline, since the cycle can presumably draw on other compounds for its syntheses. Any 14C assimilated from "CO, would be expected to appear in a variety of compounds associated with the cycle, and not to be confined to capsular polymer. The inhibitory effect on capsulation exerted by anaerobiosis (Sterne, 1937 ) also becomes comprehensibIe, since the TCA cycle is then largely inactive in B. anthracis and glucose is fermented to yield 2,3-butyleneglycol, acetylmethylcarbinol and a variety of organic acids, including lactic acid (Puziss & Rittenberg, 1957) . Similar changes occur in Mic~ococcus glutarnkus: during aerobic growth glucose is metabolized to form glutamate, whereas in anaerobic culture, lactic acid accumulates in place of glutamate (see Kinoshita, 1959) .
A cell-free system capable of polymerization has been isolated by Leonard & Housewright (1963) but, unless it is non-specific, it seems unlikely to be present before activation occurs. A more probable sequence of events is that its formation is 9-2 132 G. G. MEYNELL AND E. MEYNELL induced by the accumulation of glutamic acid, just as polyphosphate is formed by an inducible system in Aerobacter aerogenes (Harold, 1964 Leonard & Housewright, 1963) and those given here for B. anthracis show that tetracycline and/or chloramphenicol permits polymerization of glutamic acid although inhibiting growth. Polymerization, unlike protein synthesis, evidently does not depend on the assembly of activated amino acids on ribosomes and, to this extent, it resembles the synthesis of other peptides like the antibiotics gramicidin (Winnick & Winnick, 1961) and tyrocidine (Mach, Reich & Tatum, 1963; Mach & Tatum, 1964) , and those which occur in cell walls (Rogers & Mandelstam, 1962) . Another sign that the amino acid sequence of these peptides is not specified like that of protein is that the composition of tyrocidin is partly determined by the constituents of the culture medium (Mach & Tatum, 1964) . The structure of the polymer formed by B. subtilis is also determined by the environment, but here it is the ratio of poly D-to poly L-glutamic acid in the capsular material that changes and not the structure of individual polymer molecules (Thorne & Leonard, 1958) . The polymerization of glutamic acid to form capsule has been discussed by Katchalski, Sela, Silman, & Berger (1964) in the same context as the formation of polyphenylalanine or polylysine in the model system for protein synthesis introduced by Nirenberg (see Nirenberg et al. 1963) , but the present evidence strongly suggests that the analogy is misleading.
When capsulation begins, the ends of each cell become capsulated before the equator which is known to be the most recently synthesized region (Pl. 1, figs 1 and 2; Meynell & Lawn, 1965) . The equator might be incapable of capsule formation (e.g. because glutamic acid is deviated to synthesis of cell-wall mucopeptide). Alternatively, every part of each cell might be capable of polypeptide synthesis but capsule is seen last a t the equator because it is formed while the cells are still growing. The production of sufficient polymer to be recognizable as a capsule seems to take about 60min., judging from the rate at which capsules appear in tetracycline-inhibited cultures. Since the doubling time is 40-60 min., the newly formed equator of each cell may not have time to produce a visible capsule before continuing growth and division cause it to be partitioned amongst the daughter cells, of which it forms the adjacent ends (Fig. 2) . This explanation presupposes that when the growth of such cells is stopped by tetracycline, further incubation should lead to uniform capsulation because the equators should then have sufficient time to produce visible amounts of polymer. In fact, if tetracycline is added to a culture when wedges but not uniform capsules are present, the majority of cells do become uniformly capsulated 2 hr later, although a minority, which may, of course, have been killed by the antibiotic, still show wedges only.
The HC0,-requirement for capsule formation is lost on mutation but the chemical structure of the capsular polymer formed by D and F mutants in air appears to be identical with that formed by the wild-type in CO,, so far as is known at present. Hence, the mutants appear to be constitutive in respect of capsule formation. The results suggest that the mutant phenotype does not arise from increased ability to fix atmospheric CO, or from accessibility to compounds which can replace CO,, and the mutants presumably either form an internal inducer, which might be normally derived from HC0,-, or the enzymes concerned are synthesized in the Biosylzthesis of the anthrax capsule 133
absence of an inducer. The mutants certainly resemble constitutive mutants in other systems. They are so readily isolated that they presumably arise by one mutation, rather than several. They differ from the parental strain only in not requiring CO,, and the capsule is formed only at the end of exponential growth. The amount of capsule formed in air is always greater than that formed by the parent in CO,, judging from colonial appearances and stained films; this is compatible with constitutivity since constitutive mutants in general synthesize more of the appropriate gene-product than does the parent. Although D mutants do not require CO, for capsule formation, they still respond to concentrations of HC0,-which induce capsulation of the parent. This is shown by the inhibitory effect of &lo% CO, on the C0,-sensitive type of D mutant and I 134 G. G. MEYNELL AND E. MEYNELL by the behaviour of certain C0,-resistant D mutants whose colonies, following repeated subculture, were no longer fully mucoid on incubation in air but became so when additional CO, was present. This suggests a cause for the inhibitory effect of CO, on C0,-sensitive D mutants. Their metabolism is evidently switched towards capsule formation, even in air, and the extra stimulus provided by additional HCO,-may therefore be thought of as dislocating cellular metabolism to a degree incompatible with normal growth. Growth of even the parent strain, 2160s, is inhibited by 20-40 yo CO, at pH 7.4, possibly for the same reason. Constitutive mutants of a given type generally differ in their rates of enzyme synthesis, which would account for the differing C0,-sensitivity of individual D mutants. Those with the greatest activity of the capsule-forming pathway are presumably the C0,-sensitive strains since these would be least able to tolerate further increase in its activity, while those with least constitutive production are presumably C0,-resistant. The third class inhibited by CO, on charcoal but not on nutrient agar, is presumably constitutive to an intermediate degree and is able to grow when HCO,-uptake is lessened by the fatty acids present in nutrient agar. The D mutants, taken as a class, presumably possess every degree of constitutivity but fall into three groups because we can score their response to CO, in only three sets of conditions. Sensitivity to CO, also appears when Mycobacterium tuberculosis loses its requirement for CO, for growth. Such mutants are thought to assimilate CO, more efficiently than their parent owing to an increased production of biotin, and, as expected, biotin analogues enable them to grow in CO, although the same analogues inhibit the growth of their C0,-requiring parent (Schaefer, 1957) . The effect of these analogues on the growth of M. tuberculosis therefore bears a strong resemblance to the effect of fatty acid on capsulation by BaciZZus unthrucis, though the D and F mutants are unlikely to fix CO, more efficiently since they are capsulated even when incubated over KOH. It would be of interest to determine whether C0,-sensitivity accompanies mutation to C0,-independence in other genera. This may be of some practical importance if C0,-sensitive mutants remain pathogenic, considering that incubation in CO, is used routinely in the bacteriological diagnosis of many infections.
Our suggestion that fatty acids interfere with the utilization of HCO,- (Meynell & Meynell, 1964a) can be verified with 14C02 (see Eastin & Thorne, 1963) , and is now supported by several pieces of evidence. The fatty acids protect C0,-sensitive D mutants from the inhibitory effects of CO, and evidently do not interfere with a relatively late stage in the biosynthetic pathway which leads to polymerization, for D mutants are capsulated on oleic acid ditch plates (Fig. 1) . On the other hand, the dependence of toxin production upon the presence of an absorbent suggests that fatty acid also interferes with toxin synthesis. The only point common to toxin and to capsular synthesis seems likely to concern HCO,-, and it is therefore reasonable to suppose that this is the function which is affected by fatty acid. A mechanism by which fatty acids could inhibit HC0,-metabolism is implicit in the model advanced by Kodicek (1949 Kodicek ( , 1962 to explain their bacteriostatic action. He suggested that long-chain fatty acids penetrate cell membranes and disturb their structure together with any associated enzymic functions. On this view, membranes could be disordered to differing extents, ranging from a structural breakdown leading to lysis of cells like erythrocytes or protoplasts, to killing or bacteriostasis without lysis, and lastly, to inhibition of non-vital functions such as capsule formation or Biosynthesis oj the anthrax capsule 135 sporulation (Hardwick, Guirard & Foster, 1951) without interference with growth. The inhibitory effects of phenols and other surface-active agents on the formation of flagella and Vi antigen (see Lacey, 1961) may arise in the same way.
A colony of BaciZZus anthracis appears rough to the naked eye when it contains less than about 1 yo of capsulated organisms. This occurs for two reasons : either the organisms are genotypically capable of capsule formation but the conditions are unsuitable, as with wild-type strains grown in air; or the capsule-forming pathway has become inactive following mutation, as in the C-mutants whose colonies are rough under all conditions. At least three classes of C-mutant might be expected, even with our present knowledge : (1) Those in which HC0,-uptake or fixation is blocked. These should be recognizable because, if derived from wild-type, they should be non-toxigenic (as were 4 of 8 mutants of strain 1444) and, if derived from C0,-sensitive D mutants, they should be C0,-resistant (as were 241 of 61 mutants tested).
(2) Those in which the polymerizing enzyme is inactive and which consequently excrete either unpolymerized glutamic acid or a derivative into the medium. If derived from wild-type, excretion should occur only in CO,, but if derived from a D or F mutant, excretion should occur also in air. Our colleague Dr M. W.
McDonough examined supernatant fluids of cultures of mutant ~3 1 and 8 of its C-derivatives by paper electrophoresis and found equal amounts of glutamic acid in each case (see Proom & Woiwod, 1950) , but whether it consisted of the Dor L-isomer was not determined. One class of rough colony obtained from C0,-sensitive D mutants incubated in air had a novel phenotype in being rough in air, fully mucoid in far smaller concentrations of CO, than are required for capsule formation by strain 21609, and inhibited by 10% CO, ( Table 1) . We suggest that the second mutation decreased the rate of functioning of the pathway in the D mutant to a value slightIy less than that which produced capsulation in air: the increased activity produced by 1.2-5 % CO, therefore produced capsulation, while the still greater stimulus provided by 10% CO, increased the rate to an inhibitory degree.
There is little doubt that organisms growing in shaken broth cultures differ physiologically from those in infected animals. When an infection is eventually fatal, the organisms appear to increase exponentially until death occurs (Bonezzi, Cavalli & Magni, 1943 Smith, 1957) , which is only to be expected since the capsule is essential for virulence (see Keppie, Harris-Smith & Smith, 1963) . Initially, it seemed likely that exponential growth in vivo was analogous to growth in a chemostat with an essential nutrient present in limiting concentration, and that the consequent restriction of growthrate led to capsule formation. Adenine was a reasonable possibility, for it is an essential growth factor for strain 2160s and is said to be almost absent from the tissues of certain animal species (Burrows & Bacon, 1958) . However, adenine deficiency did not cause the cultures to become uniformly capsulated. A possibility still to be tested is that capsulation begins in broth cultures when the Eh value approximates to that of the tissues. Chains containing a mixture of capsulated and non-capsulated cells formed 2 hr after adding tetracycline to an exponentially growing culture.
